Reactive molecular dynamics (MD) simulation makes it possible to study the reaction mechanisms of complex reaction systems at the atomic level. However, the analysis of the MD trajectories which contain thousands of species and reaction pathways has become a major obstacle to the application of reactive MD simulation in large-scale systems. Here, we report the development and application of the Reaction Network Generator (ReacNetGenerator) method. It can automatically extract the reaction network from the reaction trajectory without any predefined reaction coordinates and elementary reaction steps. Molecular species can be automatically identified from the cartesian coordinates of atoms and the hidden Markov model is used to filter the trajectory noises which makes the analysis process easier and more accurate.
Introduction
In the past decades, reactive molecular dynamics (MD) simulation has been widely used to study the reaction mechanism of many complex molecular systems, such as combustion, explosion and heterogeneous catalysis. Among all reactive MD method, ab initio molecular dynamics simulation is undoubtedly the most rigorous and accurate one 1 . Unfortunately, the computational cost inherent in the QM calculation severely limits the simulation scale of the AIMD method. With the rapid development of computer hardware and algorithms, some AIMD methods have recently begun to handle larger scale systems. Wang et al. had proposed an ab initio nanoreactor 2 and used it to explore the formation pathways of glycine in the atmosphere of early Earth. The nanoreactor adopts graphics processing units (GPUs) to accelerate the electronic structure calculation, thus has higher efficiency than conventional QM calculations based on CPUs.
In the other hand, QM data can be used to train semi-empirical QM methods and empirical force fields, such as the density functional based tight binding (DFTB 3 via detonation at different oxygen/acetylene mole ratios 9 . Compared with the DFTB method, the reactive force field (ReaxFF 10 ) has a more obvious advantage in efficiency. By using reactive MD with ReaxFF, Li and co-workers have studied the pyrolysis of Liulin coal. The modeled system contains 28351 atoms, and the simulation was performed for 250ps 11 . In addition, Han et al. performed long time ReaxFF MD simulations of fuel-rich combustion for up to 10 ns to explore the initial formation mechanism of soot nanoparticle.
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Large molecular system and long simulation time can produce complicit MD trajectories which contain a great number of reaction events and molecular species. Generator) was developed in this study. It takes atomic coordinates as the only necessary input, and can automatically extract rich information from the trajectory, such as molecular species and reaction events. Reaction networks can be constructed based on this information and be interactively explored by the user. The paper is organized as follows: the algorithms of
ReacNetGenerator is described in detail in the next section. In Section 3, the ReacNetGenerator was successfully used to uncover the reaction mechanism of the combustion of methane and the 4-component RP-3 jet fuel. And finally, a conclusion is given in Section 4.
Computational Methods

Simulation details
In this work, two fuel oxidation systems were constructed by using the Amorphous Cell module in the Materials Studio software package 16 . One is the methane oxidation system and the other is a four-component surrogate model of the RP-3 jet fuel 17 . A specified amount of oxygen molecules which can completely oxidize the fuel molecules was added to the system.
Both systems are firstly equilibrated at 298K for 250ps using the Forcite module in Materials
Studio to get the reasonable initial configuration. Then a 2.5ns MD simulation with ReaxFF was performed for each system by using the LAMMPS package 18 . The parameters of The flowchart of the ReacNetGenerator method is shown in Fig. 1 , it consists of several modules and algorithms. The key input of ReacNetGenerator is the MD trajectory from either ReaxFF MD or AIMD simulation, and the bond order information from ReaxFF MD simulation can also be an additional input. After reading these input files, the connectivity of the atoms in each snapshot is determined firstly from the coordinates and/or bonding orders. Then the species (including molecules and radicals) are detected according to the atomic connectivity.
However, reactive MD simulation normally contains large-amplitude molecular vibrations and collisions, thus it is very rough to use the distance between atoms to judge the existence of chemical bonds. Many "noise" molecules which are unstable or even unreasonable in energy or structure will be detected from the first step. In their previous work, Wang et al. filtered these noises by using a two-state hidden Markov model (HMM). 15, 20 We also adopted this algorithm in the ReacNetGenerator. To facilitate the analysis, all detected species are indexed by canonical simplified molecular input line entry specification (SMILES) to guarantee its uniqueness. Isomers are also identified among species according to SMILES, and the path and quantity of reactions in the whole trajectory are calculated. With the reaction matrix generated, the force-directed algorithm was used to construct a reaction network. All the results including network, species, and reactions are put in an interactive web page, and the user can analyze the local reaction network for any given species by mouse-clicking. Below are details of several key procedures:
Acquisition of species information
An MD trajectory which contains atomic coordinates is the only necessary input of
ReacNetGenerator. Then the Open Babel software 21 will be used to convert the atomic coordinates to bond information, including bond type and bond order. As a result,
ReacNetGenerator can process trajectory from any kind of reactive MD simulation, such as AIMD and ReaxFF MD. The using of Open Babel can be skipped if additional bond order information is provided by the ReaxFF MD simulation. With the bond information, species can be detected from atom connectivity by Depth-first search 22 at every timestep. By using this way, all species in a given trajectory can be obtained.
Filtering "noice" by HMM
As mentioned above, a lot of species detected from the last step are useless for analyzing.
For example, the temporary conjunction between a hydrogen peroxide radical and a water molecule will be recognized as a new species, but it is unstable and its lifetime is very short (as shown in Fig. 2 ). In addition, the creation of the propyl can be a rare event in part of the trajectory. To accelerate the analysis, the existence of species are firstly converted into 0-1 signals, and a two-state HMM 15, 23 is adopted in the ReacNetGenerator to smooth the existence signal. (1)
Similarly, a hidden state sequence
The set of possible state Q and the set of possible outputs V are given by
where C = C = 1 and D = D = 0. The mathematical description of A, B, and π is given
.
In order to predict the state sequence I according to the output sequence, Viterbi algorithm 24 is used to acquire the path with the most likely hidden state sequence called Viterbi path given by
Note that 
Construction of the reaction network
To construct a reaction network, each kind of species should be treated as a node in the network. Therefore, all detected species are indexed by canonical SMILES 25 to guarantee its uniqueness. Isomers are also identified according to SMILES codes. The VF2 algorithm 26 can be also used to identify isomers, which is an option in ReacNetGenerator. After filtering out noises, the reaction paths and the number of intermolecular reactions can be calculated. A reaction network cannot accommodate too many species, so only the first 20 species which have the most reactions are taken by default. A reaction matrix can be generated as = Ja tu N, i = 1,2, … ,20; j = 1,2, … ,20 (9) where aij is the number of reactions from species si to sj. Finally, with the reaction matrix, a reaction network can be constructed. Here the NetworkX package 27 is used to make a graph which indicates the reactions between species. Fruchterman-Reingold force-directed algorithm 28 is used to make the layout of nodes relate to reaction quantity. The distance of two species in the network, the color and thickness of the line connected them are determined by the number of reactions between them, making the reaction network more intuitive.
Results and Discussion
Identify reaction pathways and noise filtering
The input of the ReacNetGenerator is the trajectory from a reactive MD simulation. The trajectory contains many individual reaction events, but in the beginning, we don't know when the reaction occurred and which atoms participated in the reaction. Thus, the first task is to identify and extract these reaction events from the MD trajectory. However, as mentioned above, it is very rough to use the distance between atoms to judge the existence of chemical bonds as reactive MD trajectories usually contain large-amplitude molecular vibrations and collisions. Therefore, the hidden Markov model is employed to filter out the "noise" from the trajectory and make it easier to analyze. Fig. 2 shows two examples of the HMM filtering process. As can be seen, the propyl radical appears very frequently during certain periods of the trajectory, but only occasionally appear in other time periods, the HMM signal accurately reflect its existence. On the other hand, the HOHOOH radical is more like a water molecule and a hydrogen peroxide closely contact with each other by collision, its signal is very sparse and the lifetime is very short, so the HMM successfully filtered it out.
After the HMM process, the connectivity of all atoms is tracked to detect all reaction events in the trajectory.
Analysis of the MD trajectory of methane combustion.
As the first example, we analyzed a ReaxFF MD trajectory of methane combustion reaction. A representative stoichiometric condition is chosen to clarify the fundamental reaction mechanisms and kinetics of methane oxidation. The simulated system is a 3-dimensional periodic box containing 50 CH4 and 100 O2 molecules (initial equivalence ratio of 1) with a bulk density of 0.25g/cm 3 . In addition, if we are interested mainly in a particular species, we can map out the local reaction network of closely related compounds (namely, the species that appear on either side of chemical equations that lead to the species of interest) by the mouse clicking (Video S1).
Focusing on specific species also allows us to trace the reaction pathways that lead from the starting molecules. Formaldehyde is a key intermediate that participates in the oxidation of methane. Fig. 5 shows several reaction routes from CH4 to CO and CO2 obtained by interactive mouse clicking. In one pathway, CH4 ® CH3 ® CH3O ® CH2OH ® H2CO ® HCO ® CO, the methyl radical (CH3) is oxidized to the formaldehyde, which then loses a hydrogen atom to form the formyl (HCO•) radical. The formyl radical can subsequently lose a hydrogen atom via collisional dissociation or reaction with molecular oxygen, thereby forming the carbon monoxide (CO). As can be seen, formaldehyde and CH3O are among the most highly connected compounds in the reaction network, participating in more than 10 reactions with other species.
These highly connected compounds have in common the ability to take part in several different reaction types. For example, formaldehyde is found to participate in proton transfer, nucleophilic addition and dihydrogen reactions. These findings are consistent with previous conclusions 29 , but ReacNetGeneratror is more intuitive and saves a lot of time than manual analysis.
Application in more complex systems.
As a second example, the ReacNetGenerator was used to analyzed the trajectory of the combustion of a four-component surrogate model of the RP-3 jet fuel (42% n-dodecane, 40%
n-decane, 13% ethylcyclohexane, and 5% p-xylene shown in Fig. S2  17 ) . The simulated system contains 1606 molecules and 6490 atoms. A box of 60.36 × 60.36 × 60.36Å 3 was used to contain these molecules and the density is 0.5g/cm 3 (Fig. S3) . Same as methane, the ReaxFF 4, 18,29 force field and the LAMMPS package were used to perform the MD simulation 19 , the NVT ensemble was employed and the temperature is set to 3000K. Fig . 6 shows the change in the number of species during the MD simulation. For such a medium-sized system, the number of species in some snapshots has exceeded 2,400. Manual extraction of reaction events from tens of thousands of snapshots has been an almost impossible task, thus automated methods must be developed. At the same time, the introduction of "noise" filtering is also very necessary. As can be seen, the network without HMM is relatively simple, mainly composed of reactions between two species. For example, the reaction path between species 5 and 6, 9 and 10 are only reflect the forming and breaking of a double bond. In addition, species 11 is more like a close connection formed by the temporary collision of a water molecule and a CO2. In contrast, the HMM filters most of the instable species, which makes the network more reasonable, and contains more useful information. Several reaction routes in the trajectory are shown in Fig. 8 . The distribution of reactants and products during the MD simulation is shown in Fig. S4 can find that the first hydrocarbon to decompose was the n-dodecane, which underwent homolytic bond cleavage to form the ethene and ethenyl radical species. The second hydrocarbon to decompose was the n-decane, which underwent homolytic bond cleavage to form the allyl and pentyl radical species. The third one was the ethylcyclohexane, which underwent homolytic bond cleavage to form the ethylene and ethenyl radical species. Several previous studies 30, 31, 32, 33 indicate that under high temperature conditions the decomposition pathway may be more important than hydrogen abstraction, which is consistent with the current results.
Hydrogen dissociation is also observed from the methyl group of p-xylene to form hydroperoxyl and xylyl radicals. The methyl group of toluene was found to react with O2, which is consistent with the previous study 34 . P-xylene was the last hydrocarbon to react in this simulation, the activation was facilitated by a hydroperoxy radical, which results in the formation of 4-methylbenzyl and a CH3Ph(OH)CH2 radical. Since this system was relatively rich in hydrocarbons, the initiation reactions observed involve both decomposition and reactions with radicals in the system instead of direct oxidation of the hydrocarbons by molecular oxygen as observed in the lean fuel cases. Fig. S5 shows that the amount of ethylene increases rapidly at the beginning of the trajectory and then slowly decreases, corresponding to the rapid consumption of long-chain alkanes (Fig. S4) . At the same time, the number of formaldehyde also keep increasing until about 700ps, and then slowly decreased. These trends are consistent with experimental observations. 35 According to Fig. 8 , ethylene is the highest connected compounds in the reaction network, participating in more than 10 reactions with other species. Ethylene is then oxidized to formaldehyde, which then loses a hydrogen atom to form formyl radical and it can subsequently lose a hydrogen atom via collisional dissociation or reaction with molecular oxygen, thereby forming carbon monoxide or carbon dioxide.
Conclusions
In this study, the ReacNetGenerator method was developed to automatically process the trajectory of the reactive MD simulations and uncovering the detailed reaction events. This method has a huge advantage in efficiency compared to manual analysis and can be particularly useful for large molecular systems. The ReacNetGenerator has the following characteristics:
Firstly, a MD trajectory which contains atomic coordinates is the only necessary input, which makes the ReacNetGenerator not only suitable for MD simulations based on reactive force fields but also for AIMD simulations. Secondly, the hidden Markov model is used to filter the trajectory noises which makes the analysis process easier and more accurate. Third, this method can automatically count the reaction events and generate a reaction network and has a wealth of options for the self-define, such as analyzing species that contain specific elements.
Finally, all the analysis results are put on an interactive web page that is easy to use. Users can also use the mouse clicking to carefully analyze the local reaction network of any given species.
Combined with relatively macroscopic data, such as the evolution of the number of species over time, the method was successfully used in the analysis of the MD trajectories of the oxidation of methane and a 4-component RP-3 fuel, and the results were highly consistent with previous theoretical studies and experimental measurements.
Further improvements to the ReacNetGenerator method will focus on two aspects: Firstly, we will introduce parallel algorithms to further improve its efficiency. Secondly, although the HMM can filter out the "noise" species in the trajectory, there are still some false positive reactions, and the HMM may also filter out some important intermediates. We will introduce energy criteria to validate whether there is a reaction and combine the machine learning methods to make the analysis results more accurate. Related research is ongoing in our laboratory.
Although no perfect, we believe that the current version of ReacNetGenerator already can assist the analysis of complex reactive MD trajectories and contribute to our understanding of reaction mechanisms in the area of combustion, catalysis, and astrochemistry.
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